Enzymes are thought to use their ordered structures to facilitate catalysis. A corollary of this theory suggests that enzyme residues involved in function are not optimized for stability. We tested this hypothesis by mutating functionally important residues in the active site of T4 lysozyme. Six mutations at two catalytic residues, Glu-11 and Asp-20, abolished or reduced enzymatic activity but increased thermal stability by 0.7-1.7 kcal mol-1. Nine mutations at two substrate-binding residues, Ser-117 and Asn-132, increased stability by 1.2-2.0 kcal-mol'1, again at the cost of reduced activity. X-ray crystal structures show that the substituted residues complement regions of the protein surface that are used for substrate recognition in the native enzyme. In two of these structures the enzyme undergoes a general conformational change, similar to that seen in an enzyme-product complex. These results support a relationship between stability and function for T4 lysozyme. Other evidence suggests that the relationship is general.
The ordered, functional structures of proteins reflect two tendencies that are often opposed. On one hand, proteins fold to minimize their free energy. On the other hand, they organize themselves to recognize a ligand or a transition state (1) . Minimizing free energy leads to well-packed hydrophobic interiors and hydrophilic exteriors (2) . Maximizing function leads to active-site clefts where charged and polar groups are sequestered from water (3, 4) and where hydrophobic patches are exposed to solvent.
The hypothesis that there is a balance between stability and function can be stated most strongly as follows: protein residues that contribute to catalysis or ligand binding are not optimal for protein stability. This "stability-function" hypothesis predicts that it usually should be possible to replace residues known to be important for function, reducing protein activity but concomitantly increasing stability of the folded protein.
Here we describe experiments that directly test the stabilityfunction hypothesis in T4 lysozyme, an enzyme well characterized for the effects of mutation on structure and stability (5) . Five residues were replaced ( Table 1 and Fig. 1 ). These included two residues implicated in chemical catalysis, Glu-11 and Asp-20 (9, 11, 12) , as well as thyee others thought to have a role in substrate binding, Gly-30, Ser-117, and Asp-132. We measured the thermodynamic stability and kinetic activity of the mutant lysozymes. To determine the structural consequences of the substitutions, we determined x-ray crystal structures for several of these proteins.
MATERIALS AND METHODS
Mutagenesis and Protein Purification. Mutations were introduced into the T4 lysozyme gene borne by M13 phage derivative M13mpl8 T4e by mismatched oligonucleotides using the method of Kunkel et al (13) as detailed (6, 14) . ITo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. lysozyme genes were identified, grown in liquid culture, and stored in glycerol at -80°C (14) . Mutant protein was produced from fermentation broths grown from these glycerol stocks and column-purified as described (14 AlH values are averages of at least four independent thermal denaturations. Activity Measurements. Enzymatic activity was measured by monitoring the production of reducing sugars, over time, as the mutant lysozymes digested E. coli cell walls (9) . Assays were run in 50 mM sodium phosphate, pH 7.6 at 22°C. Cell walls for the assay were prepared according to Becktel and Baase (16) , but the trypsin treatment of the washed cell walls was omitted. The cells were used at an OD600 of 0.4. Enzyme concentrations were adjusted to allow the rates to be measured over a similar time course. The dynamic range of the assay was 1.4 OD690 units.
Crystallography. Protein crystals were obtained by vapor diffusion using a "hanging-drop" method (17) . X-ray diffraction data were collected using a Xuong-Hamlin multiwire detector. Structures were refined with the program TNT (18) (see Figs. 2 and 3), and crystallographic models were built with o (19) .
RESULTS
The catalytic residues (9, 11, 12) Glu-11 and Asp-20 were changed to obtain the following mutant lysozymes: EliN, Biochemistry: Shoichet et at E11H, EllA, EB1M, and EliF; D20A, D20S, D20T, and D20N. Of these nine mutant lysozymes, eight had no measurable enzymatic activity and the ninth, D20A, was reduced 2000-fold (Table 1) . Six of the proteins were stabilized against thermal denaturation by 0.7-1.7 kcal mol-1 relative to the WT or WT* (6) proteins. D20A, EliN, and E11H were either slightly destabilized or unaffected by the mutation.
Ser-117 and Asn-132, which interact with the peptide part of the cell-wall substrate (11) , were also mutated, as was Gly-30, which contributes to saccharide binding (11, 12) . Relative to WT, S1171 and S117V were stabilized by 1.7 and 2.0 kcal mol-1, respectively, whereas enzymatic activity was reduced by 200-and 24-fold. Proteins N132M, N132I, and N132F were stabilized by 1.2-1.5 kcal mol-1, but activity was reduced 2.5-to 5-fold (Table 1) . G30A was slightly stabilized, whereas G30F was destabilized by 1.5 kcal mol-1; both substitutions substantially reduced enzymatic activity.
X-ray crystal structures of the stabilized lysozymes D20N, D20S, EliM, and EllA were determined (Figs. 2 and 3 ), as were those for the destabilized lysozymes D20A and EllN and El 1H. Like the native Asp-20, the side-chain oxygens of Ser-20 and Asn-20 hydrogen-bond to main-chain nitrogens of residues 22 and 24. No such interactions are apparent in mutant D20A, consistent with its lower stability. These substitutions caused little change overall in the protein structure.
The changes in the structures of the stabilized lysozymes EliM and EllA were more dramatic (Fig. 3 ). Both substitutions led to an overall "hinge-bending" motion of the protein.
The N-and C-terminal domains were rotated toward each other, by 3.7°for mutant EliM and 3.4°for EllA, partially closing the active site. This global motion resembles that seen in the structure of the complex between product and enzyme (11) , where the rotation was 5.1°. Mutant lysozymes EllN and El 1H are approximately stability-neutral and exhibit no hingebending motion.
DISCUSSION
We began with the hypothesis that residues in a protein that participate in catalysis are not optimized for stability. If this were true, it should be possible to substitute for such residues, reducing the activity of the protein but concomitantly increasing its stability. The present results are consistent with this hypothesis. At the five sites tested, substitutions were identified that decreased the activity but increased the stability of T4 lysozyme (Table 1 and Fig. 1 ). Strikingly, many of these substitutions stabilize T4 lysozyme more than previously characterized point mutations (5). The only known point mutation that stabilizes the protein in this range is Ser-117 -> Phe (10) (AAG = 1.1 kcal mol-1, Table 1 ), but this site is now known to be in the substrate-binding region (11), consistent with the stability-function hypothesis. Not all substitutions at the sites tested stabilize the protein. This result is not inconsistent with the stability-function hypothesis because not every substitution at a given site is predicted to be stabilizing; this is a point to which we shall return. We also note that there are additional residues that contact the substrate (11) that remain to be tested. For those mutants that are stabilized, the increase in stability appears to have a similar origin: the native protein is preorganized to complement the ligand or the transition state, whereas the substituted residues complement their local protein environment. Because this local environment is the substrate-binding site, the increased stability of the mutants comes at the expense of catalytic activity. The improved complementarity of the substituted residues for their local environment can arise from improved electrostatic, van der Waals, or hydrophobic interactions or through a reduction of strain present in the native protein [Warshel and coworkers (4) have described a theoretical basis for the relationship between stability and the electrostatic component of preorganization in active sites].
Glu-11 is thought to act catalytically as a proton donor (11, 12) . Consistent with this role, its pKa in folded lysozyme is 1.2 units higher than that of an unperturbed glutamate (20) . This pKa perturbation may be thought of as "strain" energy; it is a cost of catalysis that the native protein pays on folding but that the mutants do not pay because they are uncharged [mutants EllA, EliM, and EliF are 1.2-1.3 kcal mol-1 more stabilized relative to WT at pH 5.4 than they are at pH 3.01 (data not shown). At the lower pH the pKa perturbation cost should be small]; the reduction or elimination of electrostatic "strain" in the mutant proteins (at pH 5.4) contributes to their increased stability compared with native lysozyme. This reduction of electrostatic "strain" also inactivates them: the mutant proteins have no proton to donate to the substrate. Hydrophobicity also seems to contribute to stability at this site; substitutions that take advantage of opportunities for burying nonpolar surface area are more stable than those that do not. Thus EliF and ElBM are more stable than EllA, and all three are more stable than E11H or El 1N. This observation is consistent with the crystal structure of EliM, where Met-11 packs against a nonpolar surface in the active site. E1lH and EliN, which are approximately stability-neutral, presumably gain energy through removal of the carboxylate function but lose energy because they introduce polar atoms in place of the methylene part of the glutamate side chain. Their difference in shape relative to the glutamate could also result in unfavorable steric interactions.
Changes in the polarity of the side chain at site 11 seem to be associated with a global change in structure. Mutants with alanine or methionine undergo a hinge-bending motion that partly "closes down" the active site. Mutants with asparagine or histidine, as well as the wild-type glutamate, do not display this conformational change. It may be the reduction in polar surface area at position 11 that allows the N-and C-terminal domains to partly close down upon each other. In a complex of lysozyme with peptidoglycan (11), which also displays this global motion, the polar surface area of Glu-11 is buried by ligand atoms. These two similar structural accommodations, the one responding to apolar substitutions of a catalytic residue, the other responding to ligand association with this residue, may reflect a similar energy balance and mechanism.
Asp-20 has been proposed to participate in the nucleophilic attack on the substrate (9), although other roles have not been excluded (11) . One of the side-chain carboxyl oxygens of Asp-20 forms two hydrogen bonds to main-chain nitrogens that fix its orientation relative to the active site (Fig. 2) . The second carboxylate oxygen is partly buried from solvent and is uncompensated by surrounding residues, possibly freeing it to interact with the substrate. Freedom to interact with substrate implies failure to complement its local protein environment.
The stabilizing substitutions Asp-20 -> Asn and Asp-20 -> Ser, and presumably Asp-20 -* Thr (Table 1, D20N , D20S, and D20T, respectively; Fig. 1 ), maintain the main-chain to sidechain hydrogen bonds present in the native protein (Fig. 2) but do not suffer the apparent cost of burying a charged group. Mutant D20A cannot maintain the hydrogen bonds to the main-chain nitrogens present in the native protein (Fig. 2) and is destabilized rather than stabilized. Although the activity of mutant D20A is much diminished compared with native lysozyme, its activity is higher than the stabilized substitutions, which have no detectable activity. Like the substitutions at Glu-11, the stabilizing substitutions at Asp-20 are considerably stabilized relative to the native protein (Table 1 and Fig. 1) ; they too are inactive.
The role of Ser-117 and Asn-132 in ligand recognition seems to be the formation of hydrogen bonds to the peptide moiety of the substrate and the reaction product (11) . In the native structure these residues make a short hydrogen bond (2.5 A), possibly causing steric strain (7, 10) . They also flank and help define the groove that the peptide part of the ligand occupies in the presumed enzyme-substrate complex. Mutations at these sites presumably increase protein stability by relieving the putative strain present in the native structure and by interacting with residues defining the binding-site groove. Both mutants S117A (7) and N132A (8) (33, 34) which, in turn, seem less active than their psychrophilic counterparts (35 
